15 mm in all normal subjects and 11 mm or less in all patients in the critical group. SEP correlated poorly with peak systolic gradient and calculated aortic valve area and index in aortic stenosis patients. Forty-two of 46 patients in the critical group had SEP of 8 mm or less, yielding a sensitivity of 91%. However, only 17 of 26 patients with noncritical aortic stenosis had a SEP of greater than 8 mm, for a specificity of 65%. Therefore, the predictive value of SEP 8 mm or less on 2-D echo in the recognition of critical aortic stenosis was 82%. Two-dimensional echocardiography is a sensitive method to detect valvular aortic stenosis, and accurately separates patients with aortic stenosis from normal subjects. However, the specificity of 2-D echo in distinguishing critical from noncritical aortic stenosis is limited.
THE ROLE OF M-MODE echocardiography in the diagnosis of both mitral and aortic stenosis has become well established in the past decade.' 9 Thus, thickened leaflets with a reduced amplitude of opening excursion have been recorded in almost all patients with stenotic lesions of the mitral and aortic valves. Unfortunately, a similar accuracy in the quantitation of the severity of these lesions has not been demonstrated for M-mode echocardiography. 10 11 Therefore, one of the potential applications that has stimulated the development of cross-sectional echocardiography has been the noninvasive quantitative assessment of valvular obstruction in patients with mitral and aortic stenosis.
Substantial data are available that document the close correlation between mitral valve area determined by two-dimensional echocardiography and that obtained either by cardiac catheterization'21" or surgery'4 in patients with mitral stenosis. The ultrasonic measurements of valve orifice size in patients with mitral stenosis have been so accurate that it has been suggested that the assessment of the severity of this le-sion by cross-sectional echocardiography may be better than that provided by cardiac catheterization in patients in whom concomitant valvular regurgitation might alter measurements of cardiac output." 3 14 In contrast, few data are available regarding the value of cross-sectional echocardiography in assessing the severity of aortic stenosis, 15 16 especially in older patients in whom the leaflets are heavily calcified. Therefore, the present study was undertaken to determine the predictive accuracy of cross-sectional echocardiography in evaluating the magnitude of obstruction to blood flow in patients with valvular aortic stenosis.
Materials and Methods
The study group for this investigation included 105 subjects, 63 males and 42 females. The patients ranged in age from 14-78 years (mean 58 years). In 20 subjects right-and left-heart catheterization and coronary arteriography performed to evaluate atypical chest pain revealed normal findings (control group). In the remaining 85 patients aortic stenosis was suspected on the basis of the history and physical examination. Patients who were shown to have greater-than-trace aortic regurgitation by supravalvular aortogram were excluded from this study. All patients included in this investigation underwent both cross-sectional echocardiography and complete cardiac catheterization.
Diagnostic right-and left-heart catheterization was performed in all patients in the fasting state after premedication with 2-10 mg i.v. diazepam. Left ventricular pressures were obtained by retrograde leftheart catheterization via the brachial or femoral artery in all but five patients in whom transseptal or percutaneous left ventricular puncture techniques were performed. Cardiac output was measured in duplicate by the indicator-dilution technique using indocyanine green dye injected into the left ventricle with brachial artery sampling, or by thermodilution with the injectate delivered into the right atrium and the thermistor in the pulmonary artery. Brachial artery phasic and mean pressures were obtained by a 18-gauge plastic cannula, and all pressures were recorded with Statham P23Db transducers. Biplane left ventricular and supravalvular aortography was performed on 35-mm film taken at 64 frames/sec using an image-intensifier system with a 9-inch field during the injection of 0.75-1.00 ml/kg body weight of Hypaque 75% (Winthrop In each subject echocardiograms were performed in a plane parallel to the long axis of the aorta as well as in the short axis of the aorta perpendicular to the longitudinal plane. In addition, when possible, the aortic valve was also visualized by positioning the transducer at the point of maximal cardiac impulse in the short-axis orientation and rotating the transducer slightly while angling anteriorly, superiorly and to the was given to visualization of the aortic valve leaflets by ultrasound. Echographic gain settings were carefully adjusted to use the least amplitude of ultrasonic energy that enabled visualization of the aortic leaflets. For this study ultrasonic signals were identified as representing aortic valve leaflets only if they could be visualized throughout all phases of systole. Twodimensional echocardiographic images were viewed in real time and recorded on video tape for subsequent analysis. All echocardiographic measurements were performed on images that were projected on a television monitor measuring 24 X 24 inches. In patients in whom adequate ultrasonic signals were obtained from all three aortic leaflets to define the perimeter of the orifice of this valve, the cross-sectional area of the orifice was planed with a sound-pen digitizer (Digisonics Inc.).
In contrast to the bicuspid mitral valve, which has a circular orifice, the aortic valve is composed of three leaflets, resulting in a triangular orifice. Accordingly, a complete aortic valve orifice could be imaged by two-dimensional echocardiography in only a few patients. In light of this difficulty in defining the aortic orifice in most patients, the maximal systolic separation of any two leaflets on echocardiogram was used to evaluate the severity of aortic stenosis. Aortic leaflet separation was identified as the greatest distance between the inner surface of the tips of these structures during medial-to-lateral transducer angulation in the long-axis or apical views, and was measured as the maximum distance between the inner aspect of the middle portion of any two leaflets in short axis. Subsequently, the largest value of these measurements was taken as maximal leaflet separation. The resultant data regarding maximal leaflet separation on crosssectional echocardiogram was then subjected to linear regression analysis in regard to correlation with the peak transvalvular aortic gradient as well as the calculated aortic valve area and index. Finally, values for maximal aortic leaflet separation in each of these three groups -normal subjects, patients with noncritical aortic stenosis and patients with critical aortic stenosis -were subjected to statistical analysis by a Student t test for group data.
After completing this study, we retrospectively analyzed why some echocardiograms were misleading in regard to the severity of aortic stenosis. In addition, we tried to discern qualitative aspects of crosssectional echocardiograms that might indicate when leaflet separation as obtained from ultrasonic recordings was not indicative of overall aortic valve orifice size. Specifically, particular attention was paid to left ventricular function as assessed both invasively and noninvasively, the presence of increased reflectance and/or diminished excursion of motion limited to one or two of the aortic leaflets, and planimetric measurements of aortic valve area in that subset of patients in whom three aortic leaflets could be imaged.
Results
Cross-sectional echocardiographic records of sufficient technical quality for interpretation were 305 right. Throughout the examination special attention VOL 62, No 2, AUGUST 1980 recorded in 72 of the 85 patients (85%) who had aortic stenosis. Measurements of maximal separation could be obtained in only one of the two aortic planes in 17 of the 72 patients (26%) who had aortic stenosis. In another five patients, dense ultrasonic reflections filled the walls of the aorta and a distinct area of leaflet separation could not be definitely discerned. In these five patients a maximal aortic leaflet separation value of 0 mm was assigned. The results of the analysis of the total group of patients as a whole was not altered by exclusion of these five subjects. In addition, all five patients had critical aortic stenosis. Therefore, the data are presented for the entire group of subjects evaluated in the study. Based on cardiac catheterization data, 46 patients were judged to have critical aortic stenosis and 29 were classified as having mild aortic disease. Five of these patients manifested evidence of congenital bicuspid valves on cineangiogram and two manifested echographic and catheterization evidence of mild rheumatic mitral stenosis.
The appearance of the normal aortic valve on echocardiogram is illustrated in figures 1 and 2. During diastole, a single, thin, ultrasonic signal appeared in the center of the long-axis projection of the aortic echogram, while in the short-axis projection the aortic leaflets yielded three discrete, linear signals in the inverted configuration of the logo associated with Mercedes Benz automobiles. During ventricular systole, thin, wispy echoes were recorded from two of the three aortic leaflets in long axis and rapidly opened to a position adjacent to the walls of the aorta. Typically, only two of the three aortic leaflets are visualized in the short-axis projection in normal subjects, and again reveal a rapid excursion to the outer borders of the aorta. Thus, thin, discrete, rapidly moving echoes that were difficult to record in entirety throughout the cardiac cycle were recorded in each of the 20 normal subjects.
Every patient with aortic valve disease had qualitative abnormalities involving the structure of the aortic valve leaflets (figs. 3-6). Thus, multiple echoes of increased intensity and width indicative of thickening of the aortic valve leaflets were recorded in each patient, and were visualized in both long-and shortaxis projections. Although multiple thickened leaflet echoes were almost always an obvious and gross finding, in the one teen-age patient with aortic stenosis, leaflet thickening was subtle and the primary abnormality involved multiple echoes with a single, eccentric, transaortic commissure. The structural abnormalities were often most obvious in diastole, when the coaptation of the aortic cusps combined to yield a very dense echo extending from anterior to posterior aortic walls in the long axis, in contrast to normal subjects. Thus, the qualitative observation of structural abnormalities of the aortic valve leaflets yielded a 100% sensitivity in recognizing patients documented to have aortic valve disease in this study. In addition to the thickened structure of the leaflets, abnormalities of motion -a diminished opening excursion and failure to travel to the outer walls of the aorta -occurred in nearly all aortic stenosis patients. Typically, the long-axis view showed thickened leaflet echoes filling the aortic lumen during diastole, which domed or bulged superiorly during systole, yielding a narrow orifice with leaflets still protruding into the center of the great vessel ( fig. 3) . Characteristically, the short-axis presentation in patients with aortic stenosis revealed separation of the aortic leaflets in only a localized area between two of the aortic leaflets ( fig. 4) . Separation in the short axis was also markedly reduced, showing the leaflets well within the lumen of the aorta during systole.
The results of the scatter plot between echocardio- After analyzing the data from this study, we reviewed cross-sectional echocardiograms a second time in patients in the noncritical aortic stenosis group in whom the severity of aortic obstruction was overestimated by ultrasound. In three patients, thickening and immobility were confined primarily to one of the three aortic cusps, with normal motion of at least one other aortic leaflet. In three other patients, marked left ventricular dilation, accompanied by a profound reduction in contractile pattern, was recorded on the echogram. Severe depression of left ventricular stroke volume, ejection fraction and velocity of circumferential fiber shortening in these three patients was confirmed by cardiac catheterization data, and apparently caused the diminished aortic leaflet excursion, because only minimally diminished valve areas were calculated in each case. In four of the above six patients, the short axis of the aortic valve cross-sectional echocardiogram displayed the three aortic valve leaflets sufficiently so that a cross-sectional orifice area for this valve could be estimated by planimetry ( fig. 6 ). In each of these subjects, the planimetered aortic valve area was greater than 1 cm2 even though the maximal observable separation between any of the three leaflets was less than 10 mm. Thus, these data indicate that the cross-sectional echocardiogram may be unreliable in the estimation of the severity of aortic valve disease in the presence of asymmetric involvement of the aortic leaflets or in the setting of profound degrees of left ventricular dysfunction. Discussion Cross-sectional echocardiography was expected to yield information not provided by M-mode in evaluating patients with aortic valve disease. Few data are available regarding the evaluation of aortic stenosis by cross-sectional echocardiography, and those that are available suggest that ultrasound may be very useful in the quantitation of aortic stenosis, particularly in children. The results of the present investigation indicate that cross-sectional echocardiography does provide a reliable method for separating normal subjects from patients with aortic valve disease. However, these data also indicate that, in a patient population composed primarily of patients with calcific aortic stenosis, cross-sectional echocardiography is limited in its ability to distinguish patients with severe degrees of aortic obstruction from subjects with mild stenosis.
Aortic stenosis has several etiologic and anatomic variations. Accordingly, aortic stenosis may be congenital or acquired, and may vary anatomically from a relatively thin, flexible leaflet morphology to markedly thickened fibrocalcific leaflets. It might well be anticipated that the ability of cross-sectional echocardiography to assess the severity of aortic stenosis would be in part dependent upon these variables, and previous studies have demonstrated a greater accuracy of echocardiography in quantifying aortic obstruction in children than in adults. In the present study, we found advanced fibrocalcific changes in almost all patients, including three of five patients with a bicuspid aortic valve on the angiogram and one of two patients with mild mitral stenosis (all older than age 40 years). The severity of aortic obstruction was erroneously assessed in two of these seven patients (both older than age 40 years). Thus, although the results of this study are primarily applicable to older adult patients with calcific aortic stenosis, it is clear that echocardiography may not provide perfect quantitation of aortic obstruction, even in adults with congenital disease of the aortic valves.
Several technical factors in the recording and interpretation of cross-sectional echocardiograms were of major significance in this investigation. Many of the patients were elderly or had chronic obstructive pulmonary disease. In these patients echocardiographic signals were obtained only with difficulty. In addition, heavy calcium deposits within the aortic valve cusps frequently resulted in multiple dense echoes, which made it difficult to discern structural configuration. Although the echograph used in the present study was relatively insensitive to gain settings, the level of ultrasound amplitude could have influenced aortic leaflet measurements in a fashion similar to that shown for the mitral valve.20 Therefore, we took extreme care to use only the lowest ultrasound amplitude required to visualize the aortic 
